Abstract: One of the most important factors controlling material specific processing in the human brain is language dominance, i.e. hemispheric specialization in semantic processes. Although previous studies have shown that lateralized long-term memory processes in the medial temporal lobes are modified in subjects with atypical (right) language dominance, the effect of language dominance on the neural basis of working memory (WM) has remained unknown. Here, we used functional MRI (fMRI) to study the impact of language dominance on the neural representation of WM. We conducted an nback task in three different load conditions and with both verbal and nonverbal (spatial) material in matched groups of left and right language dominant subjects. This approach allowed us to investigate regions showing significant interactions between language dominance and material. Overall, right dominant subjects showed an increased inter-individual variability of WM-related activations. Verbal WM involved more pronounced activation of the left fusiform cortex in left dominant subjects and of the right inferior parietal lobule in the right dominant group. Spatial WM, on the other hand, induced activation of right hemispheric regions in left dominant subjects, but no specific activations in right dominant subjects. Taken together, these findings indicate that the neural basis of verbal WM processes depends on language dominance and is more mutable in right dominant subjects. The increased variability in right dominant subjects strongly suggests that a standard network of material-dependent WM processes exists in left dominant subjects, and that right dominant subjects use variable alternative networks. Hum Brain Mapp 30:2032Mapp 30: -2043Mapp 30: , 2009. V V C 2008 Wiley-Liss, Inc.
INTRODUCTION
Working memory (WM) refers to the ability to maintain and manipulate information for a short time interval [Baddeley, 1992] . Previous neuroimaging studies found evidence for domain-specific organization of the neural basis of WM maintenance [Pasternak and Greenlee, 2005; Postle, 2006a; Wager and Smith, 2003] . Most importantly, maintenance of nonverbal visual stimuli, for example spatial locations, has been distinguished from maintenance of verbal material. Activation of the frontal eye field during short-term maintenance of spatial items has been interpreted as reflecting rehearsal processes based on covert eye movements [e.g., Courtney et al., 1998; Postle, 2006b ].
Additional Supporting Information may be found in the online version of this article.
In addition, activation of regions in the occipito-parietal ''where''-stream, which plays a crucial role for processing of spatial visual information [Awh et al., 1999; Ungerleider and Haxby, 1994; Ungerleider and Mishkin, 1982] , might underlie rehearsal of spatial items based on shifts of attention. It has been suggested that both strategies rely on topdown control signals from prefrontal regions, which act via selection of relevant representations [Curtis and D'Esposito, 2003; D'Esposito et al., 1995; Rose et al., 2005] . Verbal WM, on the other hand, is closely linked to brain regions devoted to language processing. Left inferior parietal regions, closely adjacent to Wernicke's area, play a crucial role for short-term phonological representations of verbal material, and Broca's area is relevant for active subvocal rehearsal [Awh et al., 1996; Jonides et al., 1998; Paulesu et al., 1993; Smith and Jonides, 1999] .
The attribution of specific WM processes to brain regions depends on various physiological and pathological factors. As a result, altered representations may occur either due to pathological alterations in neurological or psychiatric patients [e.g., AuDuong et al., 2005; Harvey et al., 2005; Walter et al., 2007] or due to physiological differences between individuals. Examples of physiological factors which were shown to affect WM representation include age [Nordahl et al., 2006; Stern et al., 2007] , sex, menstrual cycle, and sexual hormones [Schoning et al., 2007] . Hemispheric language specialization is another obvious factor influencing the neural architecture of information processing. Although the vast majority of right-handed subjects process semantic information predominantly in their left hemisphere, there is a higher incidence of atypical language dominance in left-handed subjects . Even in right-handed subjects, lesions in the language dominant hemisphere may lead to a shift of language dominance, depending on lesion characteristics and the age at which the lesion occurred [Brown and Hecaen, 1976; Helmstaedter et al., 1997] . Importantly, while the neural representation of language in the left hemisphere is relatively invariant, it appears to be more variable in subjects with atypical language dominance [Tzourio-Mazoyer et al., 2004] .
In a previous study, we investigated the effect of language dominance on material-specific long-term memory processes in the medial temporal lobes (MTL) of healthy subjects [Weber et al., 2007] . In left dominant subjects, we found that memory for words and faces was lateralized to the left and right MTL, respectively; memory for pictures did not show lateralization. With a shift of language dominance to the right hemisphere, lateralized activity in the MTL changed to the contralateral hemispheres as well. These results support a close connection between lateralized activation of the MTL and hemispheric activation during language tasks [Weber et al., 2006] and suggest that MTL processes are specifically prone to switch hemisphere with language dominance. On the other hand, Jansen et al. [2005] studied lateralized activity in the cerebellum during a word generation paradigm and observed a shift with language dominance as well, suggesting that hemispheric shifts are not restricted to the MTL. It has been an open question whether language dominance also affects the lateralization of WM processes.
Here, we investigate the effect of language dominance on WM for verbal and nonverbal items. We conducted an n-back functional MRI (fMRI) paradigm with verbal and spatial items in subjects with left and right language dominance as determined by an established fMRI language paradigm [Fernandez et al., 2001] . The application of a paradigm with three different load levels (0-back, 1-back, and 2-back) allowed us to differentiate activation of materialspecific brain regions from load effects.
MATERIALS AND METHODS

Subjects
Thirty-two healthy subjects (15 female; mean age 6 SD.: 27.7 6 5.8 years) participated in this study. They were recruited from the University of Bonn as well as via newspaper. The study was approved by the local medical ethics committee, and all subjects gave written informed consent. Prior to participation in the WM experiment, all subjects had conducted an fMRI-based semantic language paradigm, which is described in detail in the Supplementary Material. This paradigm revealed that 24 of these subjects had left-hemispheric (typical) language dominance, whereas eight subjects were found to have right hemispheric (atypical) language dominance. From the 24 subjects with typical language dominance, 20 (83.3%) were right-handed (according to the Edinburgh Handedness Inventory), three (12.5%) were ambidextrous, and one (4.2%) was left-handed. From the eight subjects with atypical language dominance, two were right-handed (25%), four were ambidextrous (50%), and two were left-handed (25%). A larger group of left than right dominant subjects conducted the task to allow for matching between groups: from the 24 left dominant subjects, eight were selected to match the eight right dominant subjects with respect to age, sex, and performance in the WM paradigm (see Results). First, we calculated the averaged number of errors across the different positions for each subject. Then, we selected for each subject with atypical language lateralization a matching subject with typical language lateralization with the same sex and a similar number of errors. Finally, age was matched between the entire groups of eight typical and eight atypical subjects. Thus, only eight left-lateralized subjects entered the analysis of WM lateralization (marked black in the Supplementary Table I) to avoid any bias due to different group sizes. Matching was performed blinded, i.e. without regard to the pattern of brain activation. An overview of all subjects is given in the Supplementary Table I. Language dominance was assessed by fMRI using an established paradigm [Fernandez et al., 2001; see Supplementary Material] . All subjects were free from cerebral abnormality as assessed on their brain T1-weighted magnetic resonance images.
Experimental Paradigm
We used an n-back task with verbal and nonverbal (spatial) material and three different load conditions. We first give an overview of the experiment and then describe details such as presentation times etc. Figure 1 provides a graphical depiction of the paradigm. Material and load conditions were randomly alternated between blocks (eight blocks in each material and load condition, resulting in a total of 48 blocks). In each condition, subjects first saw a slide indicating the condition: In the zero-back condition, subjects were presented a target stimulus which they had to remember; this target was different in each block. In the one-back and two-back conditions, they were presented the words ''1-back'' or ''2-back'', respectively. Afterwards, subjects were presented slides with words or white dots in various positions on the screen. In the zero-back condition, subjects had to press a button with the index finger of their right hand whenever they saw the target item again. In the ''1-back'' (''2-back'') condition, they pressed the button whenever the currently presented item matched the item presented in the last trial (in the last but one trial).
The slide indicating the condition was presented for 5 s. Afterwards, each item was presented for 800 ms with an inter-trial interval of 1,200 ms, during which an image of white noise was presented to avoid after-images. Each block consisted of 15 items, five of which fulfilled the respective target criterion and thus required a button press. After the block, a fixation cross was presented for 5 s. This resulted in a block length of 40 s (15 3 0.8 5 12 s stimulus presentation 115 3 1.2 5 18 s inter-trial interval 15 s condition slide 15 s fixation phase between blocks) and a total length of the experiment of 32 min. Words were 180 common German nouns, ranging in length from 5 to 11 letters, presented on a random position on the screen to match eye movements with the spatial condition. Spatial stimuli were constructed using an (invisible) underlying 4 3 4 grid of possible positions; in each block, only eight nonadjacent positions were presented. Stimuli were presented using Presentation software (Version 0.71, Neurobehavioral Systems, Albany, CA) via MRI-compatible liquid-crystal display goggles (Nordic Neuro Lab, Bergen, Norway), and responses were obtained through a fiber optic magnetic resonance-compatible control pad.
MRI Data acquisition
Thirty-five axial slices were collected at 1.5T (Avanto, Siemens, Erlangen, Germany). We collected 670 T2 * -weighted, gradient echo EPI-scans, including five initial scans that were discarded to achieve steady-state magnetization (slice thickness: 3 mm; interslice gap: 0.3 mm; matrix size: 64 3 64; field of view: 192 mm; echo time: 40 ms; repetition time: 2,950 ms).
Data Analysis
MRIs were pre-processed in SPM2 and SPM5 (www.fil. ion.ucl.ac.uk/spm/) using standard pre-processing steps including realignment, unwarping, normalization, and smoothing with an 8-mm Gaussian kernel. Pre-processed data were fitted by the convolution of multiple regressors with a canonical hemodynamic response function to obtain parameter estimates for each condition covariate. All figures with fMRI results are displayed using neurological convention (left hemisphere on the left side of the figure). To identify significant activations, we used an uncorrected threshold of P < 0.001 and a minimum cluster size of five contiguous voxels. As the number of supra-threshold voxels in individual subjects depends on intraindividual variability across trials (with higher variability resulting in a smaller number of significantly activated voxels), we calculated this measure to differentiate between intra-individual and inter-individual variability (between subjects). This was done using the same threshold as for the group analysis (P < 0.001, minimum of five contiguous voxels).
We used six regressors (three regressors for the different load conditions in each material), each covering the entire block length of 40 s (blocked design). Using the ''full-factorial design'' feature of SPM5, we calculated a three-way ANOVA with ''material'' and ''load'' as repeated measures and ''language dominance'' as independent variable. This approach was chosen to investigate domain-specific effects (i.e., more pronounced activation during the verbal vs. spatial condition and vice versa) both independently for the group of left and right dominant subjects, as well as the difference between the groups (corresponding to a ''material'' 3 ''language dominance'' interaction). Then, the following contrasts were defined: First, main effects of ''language dominance'' (left > right and right > left); second, main effects of ''material'' (''verbal > spatial'' and ''spatial > verbal'') in the left and right dominant group separately. Third, material-specific processing as a function of language dominance was analyzed, i.e. the ''material'' 3 ''language dominance'' interaction. For example, to find regions where left dominant subjects showed a stronger ''verbal > spatial'' effect than right dominant subjects, we assigned the following contrast weights: Verbal left : 11; spatial left : 21; verbal right : 21; spatial right : 11. The result of this contrast was, for instance, inclusively masked (threshold P < 0.05) with the results from the contrast verbal left > spatial left to restrict it to regions showing a significant effect in the left language dominant subgroup. (This approach also allowed us to distinguish regions where left dominant subjects showed a stronger ''verbal > spatial'' effect than right dominant subjects from regions where right dominant subjects showed a stronger ''spatial> verbal'' effect than left dominant subjects: Both contrasts are based on the same interaction, but the latter one was masked with the results from the contrast spatial right > verbal right ). Finally, we calculated load effects in each group separately for each material condition (using contrast weights of 21, 0, 11 for the 0-back, 1-back and 2-back conditions) and the interaction of load effects and language dominance (e.g., assigning contrast weights verbal left, 0-back 5 21; verbal left, 1-back 5 0; verbal left, 2-back 5 11; verbal right, 0-back 5 11; verbal right, 1-back 5 0; verbal right, 2-back 5 21 to find regions where left dominant subjects showed a stronger load effect in the verbal condition than right dominant subjects).
RESULTS
Behavioral Data and Language Dominance
As shown in Figure 1B and Table I , there was no significant difference between the performance in the groups of left and right language dominant subjects. A three-way ANOVA with ''language dominance'' (left or right) as independent variable and ''material'' (verbal or spatial) and ''load'' (0-back, 1-back and 2-back) as repeated measures revealed a highly significant effect of ''load'' (F 2,2 5 14.007; P < 0.0001), but no effects of (or interaction with) the other factors (all P > 0.1). Similarly, a three-way ANOVA of reaction times using the same factors revealed a highly significant effect of ''load'' (F 2,2 5 12.179; P 5 0.001), but no effect of (or interaction with) any other factor (all P > 0.2). Both language dominance groups contained four male and four female subjects, and age was not different between the groups (mean and std of age: left: 28.9 6 6.9 years; right: 25.1 6 3.3 years; t 14 5 1.418; P > 0.1). These results confirmed that task difficulty increased with load as expected, that there was no effect of material on difficulty, and that the subjects with left and right hemispheric language dominance performed equally well.
Lateralization indices between the two groups were significantly different in each of the three ROIs, as indicated by two-tailed t-tests (Broca's region: t 14 5 10.51; P < 10 27 ; Wernicke's region: t 14 5 12.42; P < 10 28 ; prefrontal cortex: t 14 5 13.25; P < 10 28 ). All LIs in the left dominant subjects were positive, and all LIs in the right dominant subjects were negative (see Supplementary Table I for an overview of all subjects). Moreover, to test whether mixed speech dominance was present [i.e., divergent lateralization within prefrontal, Broca's, and Wernicke's areas; Benke et al., 2006; Ries et al., 2004; Rutten et al., 2002] , we calculated correlation coefficients between the LIs in the three regions both in the sample investigated in our study and in a more extended group of 132 healthy subjects. We found that for both groups, LIs were highly correlated (group of 32 subjects from the current study: Broca-Wernicke: Spearman's correlation coefficient R 5 0.682; P < 10
24
; Wernicke-prefrontal: R 5 0.628; P < 10 23 ; Broca-prefrontal: R 5 0.718; P < 10
25
; extended group of 132 subjects: BrocaWernicke: R 5 0.517; Wernicke-prefrontal: R 5 0.569; Broca-prefrontal: R 5 0.526; each P < 10 25 ). The event of crossed language dominance is very rarely seen in patients with cerebral pathologies (<1% in a recent study by [Lee et al., 2008] . The occurrence of crossed language dominance in healthy subjects is not known but intuitively should be even more uncommon than in patients. Thus, while we cannot exclude that crossed language dominance 
Mean and standard deviation of accuracy (average number of errors per block of 15 items) and reaction times (RTs).
r Working Memory and Language Dominance r r 2035 r occurred in individual subjects, overall correlations between LIs were highly significant. Figure 2A ,B depict brain regions showing significant differences as a function of language dominance. Supplementary Table II contains a complete list of significantly activated regions for all contrasts. The group of left dominant subjects showed a significantly stronger activation of the visual cortex ( Fig. 2A) , while the group of right dominant subjects showed significant activations in a widely distributed networks of various brain regions (with a preponderance of the right temporal lobe; Fig. 2B ). These results suggest a more distributed representation of WM networks in the right dominant group, consistent with a more variable recruitment of brain areas in this group (for a quantitative analysis of variability see below).
FMRI Data: Main Effects of Language Dominance
FMRI Data: Verbal WM
Next, material-specific effects were assessed. We first analyzed the effects separately in each group and then compared the two groups. In the group of left dominant subjects, performance of the task in the verbal as compared to the spatial condition activated the left temporolateral cortex (Wernicke's area), left inferior frontal regions (Broca's area), the bilateral inferior temporal (fusiform) cortex, and bilateral occipital regions (Fig. 3A) . In the group of right dominant subjects, the same contrast yielded suprathreshold activations in the right primary visual cortex and the right inferior temporal gyrus (Fig. 3B) . Overall activation was reduced in the right dominant group. In principle, this reduced activation could be either due to a decreased activation in the individual subjects, or due to an increased variability of the locus of activation in the right dominant group. To differentiate between these possibilities, we calculated the numbers of significantly activated voxels as a function of language dominance in each individual subject. This analysis revealed that the overall amount of activation was not affected by language dominance (mean 6 std of the number of significantly activated voxels: left: 880.38 6 788.69; right: 875.6250 6 550.3261; two-tailed t-test: t 14 5 0.0140; P 5 0.99), indicating that the group difference was due to an increased between-subject variability in the recruitment of specific regions in the right as compared to the left group, consistent with the results for general taskdependent activity reported above.
To directly investigate differences in the neural representation of verbal WM related to language dominance, we analyzed regions showing a significant ''material'' 3 ''language dominance'' interaction. Figure 3C indicates areas where the ''verbal > spatial'' contrast was larger for left than right dominant subjects, inclusively masked with the ''verbal left > spatial left '' contrast (Fig. 3A) . This contrast yielded significant clusters in the left temporolateral cortex (Fig. 3D) . Taken to- 
FMRI Data: Spatial WM
Next, we investigated the effect of language dominance on the neural architecture of spatial WM. Figure 4A ,B depict regions showing a significantly stronger activation for spatial as compared to verbal material in the two groups. This contrast mainly activated the dorsal visual stream in the left dominant subjects (Fig. 4A) . In the group of right dominant subjects, similar regions were activated, though weaker (Fig. 4B) . Again, the extension of activation was very similar between groups (mean 6 std of the number of significantly activated voxels: left: 9,945.00 6 1,048.00; right: 9,941.25 6 766.05; two-tailed t-test: t 14 5 0.0008; P 5 0.99), indicating that the representation of spatial WM processes in the right dominant group was more variable, but similarly extended in each individual subject. To find significant differences between the two groups, we again investigated the ''material'' 3 ''language dominance'' interaction, inclusively masked with the results from the language dominance groups separately (Fig. 4C) . We found that activation was significantly stronger in regions of the right inferior and superior parietal lobules for left than right dominant subjects, whereas the inverse interaction (more activation in the ''spatial > verbal'' contrast for right than left dominant subjects, inclusively masked by the regions from Fig. 4B ) did not yield any significant results.
FMRI Data: Effects of Load
Finally, we analyzed effects of increasing WM load. In the group of left dominant subjects, an increasing load engaged a wide network of bilateral parietal and frontal regions in the verbal condition (Fig. 5A) , and a similar network in the spatial condition (Fig. 5B) . In the group of right dominant subjects, a similar network as in the left dominant group was recruited with increasing load (Fig.  5C,D) ; again, overall activation was weaker than in the left dominant group. To directly compare the two language dominance groups, we calculated a ''load'' 3 ''language dominance'' interaction (separately for the verbal and spatial condition), again inclusively masked with the results from the respective language dominance group. We found that left dominant subjects showed more pronounced activation of left prefrontal regions both for the verbal (Fig.  5E ) and the spatial condition (Fig. 5F ), plus activation of the right middle temporal gyrus in the verbal condition. The inverse contrast only yielded suprathreshold voxels in the spatial condition (in the right inferior temporal gyrus; Fig. 5G ), but not in the verbal condition.
DISCUSSION
We investigated the effect of language dominance on verbal and spatial WM processes. Our study yielded two main results: First, verbal (but not spatial) WM processing involved shifts of lateralized activity as a function of lan- guage dominance; second, right dominant subjects showed generally more variable activations than left dominant subjects. We will first describe the neural regions underlying material-specific effects in the left dominant group and then turn to the specific organization of this network in the right dominant group.
The material-dependent pattern of activation observed in the group of left dominant subjects is consistent with previous reports. In the verbal condition, we found significantly stronger activation in Broca's and Wernicke's area and in the inferior temporal cortex (Fig. 3A) . These results are consistent with previous findings on the neural substrates of verbal WM showing that regions which are engaged in language functions in general are also important for WM maintenance of verbal items [e.g., Awh et al., 1996; Paulesu et al., 1993; Smith and Jonides, 1999] . The inferior temporal cortex as the final processing area of the ventral visual stream comprises object-selective regions such as the fusiform face area or the parahippocampal place area [Downing et al., 2006] . Accordingly, it supports the representation of specific object categories such as faces, houses, or places, but also written words [Kiehl et al., 1999; Malach et al., 2002; Ranganath et al., 2004; Reddy and Kanwisher, 2006] . The activation of the inferior temporal cortex during verbal WM is likely due to the fact that concrete verbal stimuli, such as the ones used in our study, induce a more pronounced reactivation of objectrelated information; on the other hand, even sublexical sign strings have also been shown to elicit activity in inferior temporal cortices . Apart from results from neuroimaging studies, intracranial EEG recordings in human epilepsy patients also revealed specific activity within this region upon presentation of words Nobre et al., 1994] . The relevance of Regions showing increased load effects in the spatial condition for right dominant subjects (there were no supra-threshold voxels where load effects were more pronounced for right dominant subjects in the verbal condition). [Color figure can be viewed in the online issue, which is available at www.interscience. wiley.com.] this region for verbal WM has been shown by a recent study of Fiebach et al. [2006] , who reported load-dependent activation in the left inferior temporal cortex during maintenance of words.
In the spatial condition, we observed increased activation of occipital regions of the dorsal visual stream in both left and right dominant subjects (Fig. 4A,B) . This region is reliably activated during tasks which involve maintenance of spatial orientations [Awh et al., 1999; Ungerleider and Haxby, 1994; Ungerleider and Mishkin, 1982] . Most recently, an MEG study found increased gamma band activity in the dorsal visual stream during WM maintenance of face orientations [Jokisch and Jensen, 2007] . Moreover, a necessary role of these structures for spatial WM can be inferred from studies on patients with lesions in this region [Mü ller and Knight, 2006] . No clear laterality effects were observed in either group. This is consistent with previous findings that lateralization of activity in spatial WM maintenance depends on the location of the object within the visual field [Postle et al., 2004] . In our study, spatial stimuli were presented at various locations in both visual hemifields during each block, so that no lateralization would be expected. On the other hand, t-values of active voxels in the middle occipital gyrus were slightly higher in the right hemisphere for left dominant subjects and in the left hemisphere of right dominant subjects (see Supplementary Table  I) , suggesting a possible dependence on language dominance which was explored more directly in the ''language dominance'' 3 ''material'' interaction ( Fig. 4C; see below) .
In right dominant subjects, the neural basis of verbal WM was significantly altered. Due to an increased interindividual variability of the neural correlates of WM, less consistent activations were found in the group analysis. The larger variability in right dominant subjects is most impressively demonstrated by a group comparison of the networks recruited in the entire task, i.e. collapsed across material and load conditions. Although the left dominant group showed an increased activation of early visual perceptual areas ( Fig. 2A) , in the right dominant group a highly dispersed network of small clusters covering basically the entire brain (with a preponderance in the temporal lobe) was observed (Fig. 2B) . This network likely corresponds to the increased variability of right-hemispheric language organization observed in atypical language dominant subjects [Tzourio-Mazoyer et al., 2004] . The relative invariance of WM representation in left dominant subjects suggests that a ''standard'' WM network exists in subjects with typical language dominance which is probably best suited to support material-specific WM processes.
These differences likely reflect a different neural mechanism in the task, despite identical performance (see Fig. 1 ). Early perceptual areas are generally assumed to be relatively ''hard-wired'' and less prone to reorganization and neural plasticity, although plasticity can occur on a cellular and synaptic level [Karmarkar and Dan, 2006] . The reduced activation of the primary visual cortex in right dominant subjects found in our study may thus be explained by the necessity to recruit more flexible higherlevel areas and rely less on standardized processing streams. The scattered activations found in the right dominant group suggest that very variable brain regions are used in different subjects. However, we found that the extent of activation in individual subjects did not differ between the two groups. This indicates that variability occurs between subjects, but that within-subject variability across the experiment was similar between groups.
Language dominance had a significant impact on verbal WM processes in the left inferior temporal cortex, as revealed by the ''language dominance'' 3 ''material'' interaction (Fig. 3C) . Interestingly, while bilateral inferior temporal regions were activated in the left dominant group (Fig. 3A) , only the left inferior temporal cortex was significantly stronger activated than in right dominant subjects. In addition, Wernicke's area showed more pronounced activation in left dominant subjects, while activation in Broca's area was not significantly different. Possibly, this indicates that passive storage of verbal material, which is closely linked to Wernicke's area [Jonides et al., 1998 ] was more important for this task than active articulatory rehearsal processes located in Broca's area [see also Ravizza et al., 2004] . Right dominant subjects, in contrast, showed a stronger activation of the right inferior parietal lobule, a region related to semantic search and ambiguity resolution [Ketteler et al., 2008] . It is possible that increased activity within this region for right dominant subjects indicates more complex semantic strategies in this group, although this idea needs to be tested further. Taken together, these findings show that atypical language dominance induced a shift of verbal WM processes from Wernicke's area and the left inferior temporal cortex to right hemispheric regions, most importantly the right inferior parietal lobule. Thus, similar to material-dependent processing in longterm memory [Weber et al., 2007] , verbal processes in WM are also correlated with language dominance, although atypical language dominance does not induce a shift to corresponding regions in the right hemisphere.
The neural basis of spatial WM also depended on language dominance. Although we observed bilateral activations in the dorsal visual stream in both groups, a significantly stronger activation by left dominant subjects was only observed in the right dorsal stream (Fig. 4C) . Thus, in left dominant subjects, verbal, and spatial material is more strongly lateralized to the left and right hemisphere, respectively. No region survived the significance threshold in the reverse contrast; in other words, there was no region where right dominant subjects showed more pronounced activation in the ''spatial > verbal'' contrast than left dominant subjects. This suggests that a ''standard'' network also for spatial WM exists in left dominant subjects, and that right dominant subjects make use of variable alternative networks, but do not shift activity to corresponding regions of the contralateral hemisphere.
Finally, increasing load in both material conditions activated a large network of prefrontal and parietal regions r Axmacher et al. r r 2040 r (see Fig. 5 ), consistent with a large number of previous studies [Altamura et al., 2007; Braver et al., 1997; Druzgal and D'Esposito, 2003; Jansma et al., 2000; Linden et al., 2003; Narajanan et al., 2005] . These load-sensitive regions were different from the material-specific areas in the fusiform and occipito-parietal cortices. A similar pattern has been observed in previous studies [Mecklinger et al., 2000; Rypma et al., 1999] indicating material-independent WM processes in the prefrontal cortex. Again, the fact that we only observed supra-threshold activation in the ''load'' 3 ''language dominance'' interaction in the verbal condition for left > right dominant subjects (but not for right > left dominant subjects) suggests that right dominant subjects activated more variable regions with increasing load.
Several limitations of our approach which might complicate the interpretation of our results need to be mentioned. First, language dominance was assessed using a semantic language task with fMRI. This paradigm was previously validated in a group of 12 epilepsy patients undergoing presurgical investigation, of which six conducted a sodium amytal procedure [''Wada-test''; Fernandez et al., 2001] . Although this study reported a complete correspondence between the results from the Wada test and the semantic language fMRI paradigm, the transferability of these results to healthy subjects has never been shown. Because of the invasiveness of the Wada approach, it can in principle only be conducted for clinical purposes, but not in healthy subjects. On the other hand, different methods to assess language lateralization in healthy subjects have yielded converging results: Both fMRI and transcranial Doppler measurements revealed similar rates of 5% of right-handed and 30% left-handed subjects with atypical language dominance; transcranial Doppler showed a high correlation with both fMRI and Wada [Knecht et al., 1998 ].
A second, more specific issue concerns the use of a language paradigm based on the comparison of activation during a semantic and a syntactic language task. Initial studies comparing lateralization based on semantic fMRI paradigms with results from the Wada test found a high correlation [e.g., Binder et al., 1996] . Although this result was supported by some more recent studies [Baciu et al., 2005; Binder et al., 2008; Seghier et al., 2004] , others found that semantic language paradigms resulted in less lateralized activation patterns than syntactic or phonological paradigms [Humphries et al., 2006; Kang et al., 1999] and may thus lead to an overestimation of the incidence of atypical (bilateral or right hemispheric) language dominance. This is an important issue during presurgical language determination, which requires the exact determination of both left and right lateralized patients. Therefore, using extensive test batteries is probably advisable in a clinical setting [Ramsey et al., 2001] . On the other hand, the aim of the current study was to identify differences in the neural basis of WM processing in healthy subjects with left or right language dominance. In this situation, the false assignment of subjects with typical language dominance into the group of atypical dominant subjects due to the use of a semantic language paradigm would result in a blurring between the differences in left and right dominant groups and rather impede the detection of effects of language lateralization than induce false positive findings. In other words, the differences between left and right dominant subjects might be even more pronounced than observed in our study.
However, a false assignment of subjects with typical language dominance to the atypical group might complicate the interpretation of our finding of an increased variability of WM-related activations in the atypical group. We argue that a false assignment of subjects with typical language dominance to the atypical group is rather unlikely with our paradigm: In a recent study, language lateralization as assessed with the Wada test was compared with the lateralization indices based on the semantic fMRI paradigm in a group of 65 subjects [Wellmer et al., 2008] . Figure 5 of this article shows that the temporo-parietal ROI (Wernicke's area) has the highest specificity for the definition of atypical language dominance. Lateralization indices <20.25 in this region were never associated with typical language dominance, but with atypical language dominance in seven cases, indicating relatively low sensitivity but 100% specificity for the detection of atypical language dominance. In our group of eight subjects defined as ''atypical'', all LIs in this area were <20.29, indicating that these subjects indeed exhibit atypical language dominance (see Supplementary Table I) .
In general, frontal regions show a higher correlation with Wada results than temporal areas [Benke et al., 2006; Lehéricy et al., 2000] . However, it has been suggested that left inferior frontal activation during semantic language paradigms may not be due to language processes in the narrow sense, but rather due to retrieval, selection and evaluation in the semantic executive system [Poldrack et al., 1999] . In our sample, lateralization indices in the different ROIs were highly correlated, arguing against the possibility that the assignment of subjects to language dominance groups was dominated by the results from the frontal ROI.
Taken together, these findings support the hypothesis that the recruitment of neural regions during WM processes depends on language dominance. The increased variability in the right dominant group indicates that atypical language dominance is not just a contralateral reflection of typical (left-dominant) language dominance, but follows a completely different organization. Although all subjects were healthy, without visible morphological brain lesions, and performed equally well in the left and right dominant group, our results strongly suggest that a relatively invariant ''standard'' network is used in the group of left dominant subjects, and variable ''alternative'' networks are recruited in the group of right dominant subjects.
